Telomere length of peripheral blood mononuclear cells (PBMCs) from 23 autologous HSCT patients ranging from 4 to 61 years old, and 46 allogeneic HSCT recipients from 6 to 52 years old were studied to confirm whether excessive shortening of telomeres is associated with HSCT. After autologous HSCT, telomere length of PBMCs ranged from 6. 
Telomeres, composed of protein and 2-15 kb long tandem repeat sequences (5Ј-TTAGGG-3Ј) n at the end of chromosomes, protect from end-to-end fusion and exonucleotic degradation.
1,2 Telomeric DNA is shortened by 50-100 bp with each somatic cell division, because of incomplete endreplication by DNA polymerase and poor telomerase activity, which adds telomere sequences to the end of chromosomes.
3, 4 The telomere hypothesis proposes that a critical shortening of telomeres leads to cessation of irreversible cell division. Indeed, telomeres play the role of a mitotic clock, a good indicator of replication history and of the residual replication potency of cells. [5] [6] [7] [8] Hematopoietic stem cell transplantation (HSCT) is applied for treatment of various malignant and non-malignant diseases. Recovery of the hematopoietic system after HSCT imposes numerous replication cycles on hematopoietic stem cells (HSCs). Such enforced excessive divisions of HSCs may cause excessive shortening of telomeres in their descendant cells, although HSCs possess telomerase activity. Indeed, recent studies including ours have demonstrated that HSCT induced less than 1.5 kb loss of telomeres. [9] [10] [11] The telomeric shortening that occurs during transplantation is the same as the amount that would be seen in 15-20 years of steady-state hematopoiesis in normal individuals. 12 This may be due to telomerase activity in HSCs, which is not sufficient to compensate completely for the reduction in telomeres along with enforced hematopoietic recovery. These studies have been mainly done in younger patients who underwent HSCT. No data is available on the effects of HSCT for elderly adults.
The present study addressed telomere length of peripheral blood mononuclear cells (PBMCs) in patients who underwent HSCT, including elderly patients and elderly donors. We found that the shortening of telomeres following HSCT was up to 2.1 kb. Telomere length was inversely correlated to age. The effect of HSCT on telomeres was much more prominent in elderly patients who underwent several courses of cytoreductive therapy in autologous HSCT and in patients who received transplants from elderly donors in allogeneic HSCT.
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Patients and methods
Patients
Sixty-nine patients who underwent HSCT from 1983 to 1998 at Jikei University Hospital, Tokyo Metropolitan Komagome Hospital, Tokai University Hospital, and Niigata University Hospital were studied. Clinical characteristics of the patients are listed in Tables 1 and 2 . Conversion to donor blood type in allogeneic HSCT was confirmed by studying one or two of the following: sex chromosomes, types of red blood cells and types of HLA. The mean follow-up period after HSCT was 3.2 years in the autologous HSCT group and 2.6 years in the allogeneic HSCT group. Donor age ranged from 7 to 70 years old (median 28 years). All patients received cytoreductive therapy followed by HSCT. Hematological parameters of recipients were studied after 1 year from HSCT. Some cases were previously presented as indicated in Tables 1 and 2. 11
Analysis of telomere length
All samples were obtained from peripheral blood or bone marrow in accordance with the ethical guidelines of each hospital under informed consent from patients, donors or parents. Mononuclear cells were isolated by the gravity centrifugation method, and high molecular weight DNA was obtained by standard phenol/chloroform extraction. Then, 2 g of HinfI-digested DNA was size-fractionated by 0.7% agarose gel electrophoresis. After electrophoresis, Table 1 Characteristics of autologous HSCT patients 4 , labelled with digoxigenin according to the manufacturer's instructions (Boehringer, Mannheim, Germany). Hybridization was carried out at 68°C for 12 h in the hybridization solution (5 ϫ SSC, 0.02% SDS, 0.1% sodium-lauroylsarcosine, and 1% blocking reagent (Boehringer Mannheim)). The filter was washed twice at 50°C in the washing solution (0.1 ϫ SSC, 0.1% SDS) and rinsed in the recommended blocking reagent. The hybridized probe was detected by the chemiluminescence method according to the manufacturer's recommendations (Tropix, MA, USA). Filters were exposed with Fuji New RX film (Fuji Film, Tokyo, Japan). The films were then scanned with a Canoscan 600 (Canon, Tokyo, Japan) and the average telomere length was analyzed using NIH image software. Briefly, the strongest density peak was tentatively taken to be the mean telomere length.
9,11,13
Statistical analysis
Linear regression analysis, paired t-test and Mann-Whitney U test were performed by using Stat View4.5 software (Abacus Concept, CA, USA). 
Results
Telomere length in normal volunteers
Previous data demonstrated that the reduction of telomeres is biphasic. 14 After 4 years of age, the rate of reduction becomes slower. PBMCs from 39 normal volunteers from 4 to 70 years old were studied. As shown in Figure 1 , the shortening of telomere length was proportional to aging at 34 bp per year (r = Ϫ0.691, P Ͻ 0.0001). This was similar Bone Marrow Transplantation to previous studies, 8, 10, 15 but differed slightly from our previous data, 11 owing to different numbers and ages of volunteers.
Telomere length in PBMCs of the patients
The mean telomere length of PBMCs from patients who underwent autologous HSCT was 9.70 kb (range, 6.8-12.0 kb) ( Table 1) . Among autologous HSCT recipients, 11
Bone Marrow Transplantation paired samples of transplanted PBMCs (case 15: bone marrow cells) and PBMCs after hematopoietic reconstitution (⌬Tel auto ) could be compared. The ⌬Tel auto was 0.60 kb shortening on average during an observation period of 0.3 to 5.3 years. These telomere losses are by the same amount as expected in 15-20 years of steady-state hematopoiesis in normal individuals. Next, autologous HSCT patients were compared with controls deduced from Figure 1 . No significant differences in telomere length were found, when all generations were studied, but a significant difference was observed in a group of older than 40 years (Mann-Whitney U test; P = 0.01). Therefore, the steep decline of regression line of autologous HSCT patients was biased by the over 40 year group (Figure 1a) . Case 16 was a non-Hodgkin's lymphoma patient who underwent autologous BMT with PBSC after sequential chemotherapies. The telomere length in this patient was 10.6 kb, and ⌬Tel auto showed the greatest reduction (1.9 kb) in the autologous HSCT group (Table  1) . Cases 19 and 20 were elderly non-Hodgkin's lymphoma patients who received BMT and BMT with PBSC after cytoreductive chemotherapies, respectively (Table 1) . They had the shortest telomere length (6.8 kb) in the autologous HSCT group which would correspond to an age of 100 years according to the equation for normal controls (Figure 1) .
The mean telomere length of allogeneic HSCT recipients was 9.30 kb (range, 6.8-12.0 kb) ( Table 2 ). The telomeres of recipients after hematopoietic recovery were shorter than those of donors by 0.60 kb on the average (⌬Tel allo ) (n = 15) ( Table 2 ). This difference between donors and recipients was statistically significant (paired t-test; P = 0.0002). The regression line for allogeneic HSCT recipients was virtually parallel to that of controls (Figure 1b) . We next compared telomere length between patients and normal controls. The telomeres of allogeneic HSCT recipients were significantly shorter than those of putative donor controls for all ages (Mann-Whitney U test; P = 0.04) but not those of putative recipient controls (P = 0.09). Case 74 was a 50-year-old chronic myelogenous leukemia patient who underwent PBSCT from his 70-year-old mother, and his mean telomere length was 6.8 kb. This case had the shortest telomere length in the allogeneic HSCT group (Figure 2b) . Also, comparison of telomeres between donor and recipient revealed 2.1 kb shortening in the recipient, which would correspond to 20 cell replications.
Relationship between telomere length, age, and number of infused cells
As demonstrated in Figure 1a , telomeres become shorter with aging. Indeed, telomere length after autologous HSCT correlated with age (r = Ϫ0.713, P Ͻ 0.0001) (Figure 1a) . However, ⌬Tel auto did not correlate with patient age (r = 0.165, P = 0.608). Allogeneic HSCT was much more under the influence of ageing than autologous HSCT. We found a reverse correlation between donor age and ⌬Tel allo (r = 0.811, P = 0.0002) (Figure 3a) . A previous study demonstrated that the number of transplanted cells affects the recipient's telomere length. 9 Our results were also analyzed for this. Unlike previous data, the number of infused cells in allogeneic HSCT was independent of telomere length and ⌬Tel allo (r = 0.181, P = 0.5742), although all patients in our study were transplanted with more than 2.0 ϫ 10 8 cells/kg (Figure 3b ). Thus, we could not assess the relationship for patients transplanted with less than 2.0 ϫ 10 8 cells/kg.
Relationship between telomere length and hematological parameters after HSCT
As the telomeres of HSCT recipients were shortened in all cases, we studied the relationship between telomere length and hematological parameters at 1 year after HSCT. There were weak correlations for platelets of autologous HSCT Bone Marrow Transplantation patients (Figure 4a) , and in red blood cells and white blood cells of allogeneic HSCT patients (Figure 4b ). Three patients (cases 19, 20 and 74) who had markedly shortened telomeres in PBMCs showed impaired recovery of hematological parameters at 1 year after HSCT. The ⌬Tel of these patients was much greater than those of other recipients (Tables 1 and 2 ).
Discussion
We previously demonstrated that there were no marked differences in telomere length among normal T cells, B cells, monocytes, and polymorphonuclear leukocytes. 16 However, recent precise studies demonstrated a significant difference between T cells and neutrophils. Moreover, memory T cells are shown to have shorter telomeres than those of naive T cells. 17, 18 Kronenwett et al 19 reported that the mean telomere length of CD34
ϩ cells was about 0.7 kb longer than those of PBMCs. As hematopoietic reconstitution after HSCT involves all series of hematopoietic progenitors and their descendants, we considered that monitoring the telomere length of PBMCs of each patient along with transplantation will reflect the dynamics of the hematopoietic recovery process as a whole.
Previous studies demonstrated that telomeres of recipients are shortened by up to 1.5 kb following HSCT, resulting in the pronounced 'aging' of transplanted cells. [9] [10] [11] These findings suggest reconsideration of whether the capacity for complete self-renewal of hematopoietic stem cells lasts for years. 12 Wynn et al 17 described that this marked telomere shortening represents increased proliferative stress at the level of committed progenitor cells. These studies of telomere length after HSCT focused on younger donors and recipients. In this study, we investigated HSCT-recipients, including patients and donors older than 40 years. The telomere length of HSCT-recipients ranged from 6.8 kb to 12.0 kb, and telomeres of adult patients were shorter than those of children (Tables 1 and 2 ). The slope of the regression line in autologous HSCT patients was steep compared with that of healthy volunteers (Figure 1a) . We have no definite explanation for this phenomenon, but elderly HSCT patients might have shorter telomeres at the time of HSC harvest. Although ⌬Tel auto correlated with neither patient age nor period after HSCT, the telomere length of over 40-year-old patients was shorter than that of putative age-matched controls. Taken together these data indicate that autologous HSCT patients might have shorter telomeres before transplantation, and that repetitive cytotoxic chemotherapies might account for this telomere shortening.
The significant difference in telomere length between donors and recipients in allogeneic HSCT suggests that allogeneic HSCT requires more numerous divisions of nonself donor stem cells than that of self stem cells in autologous HSCT. The regression line of telomere length after allogeneic HSCT was parallel to that of healthy donors. These results are consistent with Shay 12 who suggested that steady-state of hematopoiesis of transplantation is parallel to that pre-transplant.
We found that recipient telomere length and ⌬Tel allo correlated with donor age rather than with the number of infused cells in allogeneic HSCT. In autologous HSCT, telomere length correlated with patient age, but ⌬Tel auto did not correlate with patient age. Nataro et al 9 described a significant inverse correlation between ⌬Tel allo and the number of nucleated bone marrow cells infused, but no correlation between ⌬Tel allo and donor age. This contradictory result may be related to the number of infused cells. In our HSCT protocol, all patients recieved more than 2.0 ϫ 10 8 cells/kg, while in the Nataro et al study some patients were transplanted with less than 2.0 ϫ 10 8 cells/kg. The number of HSCs may not be a critical factor for telomere shortening in a case of HSCT with a sufficient number of HSCs.
Mavroudis et al 20 demonstrated that patients receiving more than 2 ϫ 10 6 CD34 ϩ cells/kg in allogeneic HSCT showed significantly earlier recovery of monocytes and a trend toward earlier recovery of lymphocytes. In our study, there was not a strong correlation between telomere length and recovery of hematological parameters in HSCT. However, the patients who had extremely shortened telomeres showed poor recovery of hematological parameters at 1 year after HSCT (Figure 4 ). Marked shortening of telomere length (6.8 kb) following HSCT may indicate a history of numerous cell divisions of hematopoietic stem cells regardless of impaired hematological state. Hematological parameters of these patients recovered slowly over several years. With regard to telomere length and hematological state, Ball et al 15 reported that there was no significant difference in telomere length between recovered and active aplastic anemia patients but a significant correlation between telomere shortening and disease duration. Excessive shortening of telomeres might induce telomeric fusion, leading to the chromosomal rearrangements which are frequently observed in neoplasms. Three of five aplastic anemia patients with excessive telomere loss had acquired an abnormal karyotype, 15 and two types of leukemia with telomeric associations have been reported. 21, 22 Moreover, additional chromosome aberrations were found in about 30% autologous HSCT patients, 23, 24 and leukemia rarely occurs in donor-derived cells after allogeneic HSCT. [25] [26] [27] In conclusion, our findings suggest that HSCT for children is safe enough in terms of telomere length, but elderly patients in autologous transplantation or in allogeneic HSCT from elderly donors may develop extremely shortened telomeres. The patients who have less than 7.0 kb telomeres should be observed carefully for their long-term hematopoiesis and the occurrence of hematopoietic disorders.
